An analytical method is presented, combining novel microcontact imprinting technique and capacitive biosensor technology for the detection of BSA. Glass cover slips were used for preparation of protein stamps. The microcontact-BSA imprinted gold electrodes were prepared in the presence of methacrylic acid (MAA) and poly-ethylene glycol dimethacrylate (PEGDMA) as the cross-linker by bringing the protein stamp and the gold electrode into contact under UV-polymerization. Real-time BSA detection studies were performed in the concentration range of 1.0 Â 10 
Introduction
Molecular imprinting is the technology of creating artificial recognition sites complimentary in both form and function to the "template" molecule [1] [2] [3] [4] . Molecularly imprinted polymers (MIPs) are formed by the polymerization of a functional monomer around the molecular template in the presence of cross-linker. MIPs have been used in solid-phase extractions, analytical separations, catalysis, drug delivery systems and as a biorecognition element in biosensors [5] [6] [7] [8] [9] [10] [11] . MIP technology is successfully used for the recognition of low molecular weight templates, but there are still some difficulties in the design of MIPs for macromolecular templates like proteins [12, 13] . Due to this, many researchers have focused on imprinting the template protein directly onto a substrate, thus creating a substrate surface, which will be recognized by the target protein [14] [15] [16] . Microcontact imprinting is the surface coating technique used for employing recognition cavities for large molecules and assemblies [17] [18] [19] [20] . The general procedure of the method depends on the polymerization between two surfaces -a protein stamp and a polymer support. In the first step, the protein stamp is formed by adsorption of the template protein onto the pre-cleaned glass surface. Then, the protein stamp is brought into contact with the second surface, monomer-coated substrate. By this way, thin polymer film is formed on the support via UV polymerization. As the last step, template protein is removed from the surface and specific protein recognition sites are formed only at the surface of the imprinted support [14] [15] [16] [17] [18] [19] . This method has some advantages like reducing activity loss of the imprinted molecule and in addition the method requires very small amount of template molecule for the imprinting process [21, 22] . Microcontact imprinting method has been used for various proteins [23] [24] [25] [26] [27] .
BSA (bovine serum albumin) is a protein with the molecular weight of 66.5 kDa and it has many uses in biomedical applications and enzymatic reactions. It is used to prevent adhesion of enzymes during applications [28] . It is a generally used protein reagent in protein assays, like Bradford assay, to measure the concentration of a protein in solution. Furthermore, BSA has a structural homology with HSA (human serum albumin) [29] . Due to this, BSA is frequently studied as a model protein instead of HSA. Moreover, BSA is a commonly used target to analyze when designing new immunochemical assays.
Determination of micro-quantities of BSA is possible with methods like radioimmunoassay (RIA) or enzyme-linked immunosorbent assay (ELISA) [30] . There are also some determinations like FT-IR spectroscopy, polarographic and fluorimetric measurements used for BSA detection [28, 31, 32] . Some of the methods require a labelled reagent like a radioisotope or enzyme labeled antibody/antigen [30] . Some of them are really expensive and need time-consuming, complex procedures. Low selectivity and sensitivity is the another drawback of these methods [33] . Direct, label-free, fast and sensitive measurement of various analytes with biosensors has attracted considerable interest [34] . Highly sensitive biosensor concepts make it possible to assay biomacromolecules at concentrations below the limit of detection of conventional methods [35] . Capacitive biosensors are the electrochemical sensors that measure changes in the dielectric properties when an analyte interacts with a biorecognition element on the sensor surface, causing a decrease in the capacitance [36] [37] [38] [39] [40] [41] . Capacitive biosensors have been used for the detection of various analytes like antigens, antibodies, proteins and heavy metal ions [42] [43] [44] [45] [46] [47] . These types of biosensors have a lot of advantages like inherent rapidity, high sensitivity, simplicity, low cost, easy manipulation and real-time measurement without labeling.
In the study reported here, a capacitive biosensor with an automated-flow injection system was used for BSA detection. BSA is most commonly used model protein in the macromolecular imprinting studies. However, to our knowledge, this is the first microcontact-BSA imprinting study for the detection of BSA with the capacitive biosensor. Microcontact imprinting method was applied for the imprinting of BSA onto the pre-modified gold electrode surface. After modification of the gold electrode surface with poly-tyramine and acryloyl chloride, the protein stamp was brought together with a mixture of monomer and cross-linker in contact with the electrode. Thus, the microcontact BSA imprints were introduced to the electrode surface via UV-polymerization. After optimization of the conditions such as pH, ionic strength and buffer type, BSA detection studies were performed using standard solutions of BSA at different concentrations. In between each injection, regeneration of the BSA sensor was performed using a low-pH buffer [48] . Selectivity of the developed BSA-imprinted electrode was tested together with other proteins (HSA, IgG) and selectivity as a result of imprinting efficiency was indicated with the comparison of the results obtained from NIP (non-imprinted) electrode.
Materials and methods

Materials
Bovine serum albumin (BSA), tyramine (99%, HOC 6 H 4 CH 2 CH 2 NH 2 ) and human serum albumin (HSA) were obtained from Sigma (Steinheim, Germany). Acryloyl chloride and 1-dodecanethiol were obtained from Aldrich (Deisenhofen, Germany). Glutaraldehyde 50% (w/v), triethylamine, 3-aminopropyl-triethoxysilane (APTES) and a-a'-azoisobutyronitrile (AIBN) were purchased from Fluka (Buchs, Switzerland). Human gamma globulin (human IgG) was purchased from Octapharma AB (Stockholm, Sweden). Glass microscope cover slips (24 Â 40 mm) (Menzel-Glaser) were used as the base for protein stamp in microcontact imprinting. All other chemicals used were of analytical grade. All buffers were prepared with water processed using a reverse osmosis step with a Milli-Q system from Millipore (Bedford, MA, USA). Prior to use, all buffers were filtered through a Millipore filter (pore size 0.22 mm) and degassed for 1 h.
Preparation of the microcontact-bovine serum albumin (BSA) imprinted electrodes
The microcontact-BSA imprinted capacitive electrodes were prepared in three steps:
(a) Preparation of the glass cover slips (protein stamps):
Glass cover slips (24 Â 40 mm) were used for the preparation of protein stamps in this procedure. In the first step, cover slips were cleaned in 10 mL of 1 M HCl, de-ionized water, 1 M NaOH, deionized water and ethanol, respectively in ultrasonic cleaner for 10 min in each step. After cleaning, the cover slips were dried with nitrogen gas.
The cleaned cover slips were immersed in 10% (v/v) APTES (3-amino-propyl-triethoxysilane) in ethanol at room temperature for 1 h to introduce amino groups on the surface. Subsequently, the electrodes were rinsed with ethanol to remove any unbound APTES molecules. For the activation of the amino groups on the APTES modified cover slip surface, they were immersed in 5% (v/v) glutaraldehyde (GA) solution in 10 mM phosphate buffer (pH 7.4) at room temperature for 2 h. Then, the cover slips were rinsed with phosphate buffer to remove excess GA and dried with nitrogen gas. In the last step, the cover slips were immersed in 0.1 mg/mL BSA solution (in phosphate buffer, 10 mM, pH 7.4) at 4 C for 24 h for the immobilization of BSA onto the surface. Finally, the cover slips were washed with phosphate buffer and then, dried with nitrogen gas. They were kept at 4 C in a closed Petri dish until use.
(b) Preparation of the capacitive gold electrodes:
In the first step, gold electrodes were washed with ethanol, deionized water, acetone, de-ionized water and piranha solution (3:1, H 2 SO 4 :H 2 O 2 , v/v), respectively for 10 min in each step in ultrasonic cleaner. Then, the electrodes were plasma cleaned (Mod. PDC-3XG, Harrick, NY) for 30 min. Prior to modification of the surface of the electrodes, electropolymerization of tyramine was performed by cyclic voltammetry (CV) in ethanolic solution of 10 mM tyramine with a set potential range of 0-1.5 V (vs. Ag/AgCl) and a scan rate of 50 mV s À1 for 15 scans, as described before [45] . By this way, polytyramine was deposited on the electrode, and free primary amino groups were introduced on the surface of the electrode. The coated electrodes were rinsed with water and dried with nitrogen gas. In the second step, the electrodes were immersed in a solution containing 30 mM acryloyl chloride and 30 mM triethylamine (in toluene) overnight, at room temperature. Hence, the reaction of the acryloyl chloride with the amino groups on the surface of the electrode generated amide groups. After modification, the electrode was rinsed with distilled water and dried with nitrogen gas.
Cyclic voltammetry (CV) is used to evaluate the degree of insulation of the electrode surface after each step.
(c) Microcontact imprinting of BSA onto the capacitive gold electrode:
The monomer solution containing MAA (methacrylic acid) and PEGDMA (Poly ethylene glycol dimethacrylate) (1 mM: 1.5 mM) was prepared and the initiator (AIBN) was added to this solution.
Monomer solution (1.5 mL) was pipetted onto the electrode surface. Then, the protein stamp (the glass cover slip) was brought into contact with this monomer solution. The polymerization was initiated under UV light (365 nm, 400 W) and continued for 15 min. After polymerization, the cover slip was removed and any template protein (BSA) that got stuck on the electrode surface was eluted away (Fig. 1) . This elution/washing was done as a security step since the print protein was immobilized to the glass plate and would in principle stay on that plate and thus be removed when the plate was taken away. Finally, the electrode was immersed in 1-dodecanethiol (10 mM in ethanol) for 20 min in order to cover bare parts of the gold surface. When not in use, electrodes were kept at 4 C in a closed Petri dish filled with nitrogen gas. Non-imprinted (NIP) electrodes were prepared with the same procedure without immobilization of the template protein, BSA, onto the glass cover slips. The capacitive measurements were performed with the automated flow-injection system, as described by Erlandsson et al. [43] . The BSA imprinted electrode was inserted in the electrochemical flow cell and connected to the platinum auxiliary and reference electrodes. The capacitance measurement was performed via current pulse method, as described previously. The capacitance was calculated as a function of time from the resulting potential profile (Fig. 2) .
Prior to analysis, a regeneration solution (25 mM glycine-HCl, pH 2.5) was injected to the system to clean the surface, and it was repeated between each analyte injections. After a stable baseline was recorded, the standard solutions of different concentrations of BSA (1.0 Â 10 À20 -1.0 Â 10 À8 M) were injected sequentially. The binding of the target protein (BSA) to the imprinted cavities on the surface of the electrode resulted in a decrease of the registered capacitance and the change was calculated automatically by CapSenze Smart Software (CSS). In all of the analysis, the flow rate was 100 mL/min and the injected sample volume was 250 mL.
The effects of type (phosphate and Tris-HCl buffers, 10 mM), pH (6.0-8.0) and ionic strength of the running buffer to the BSA detection were evaluated by monitoring the change of capacitance signal at the same standard concentration of BSA (1.0 Â 10 À10 M).
Selectivity of the microcontact-BSA imprinted electrode
In order to show the selectivity of the BSA imprinted electrode, the responses of the capacitive system against the competitive proteins HSA and IgG were monitored. The protein solutions were applied in singular manner and also, mixed solutions of HSA, IgG and BSA were studied in competitive manner. The protein concentration was 1.0 Â 10 À10 M for each protein during the analysis. Samples of solutions of the individual proteins were also analyzed using NIP-electrodes.
Reproducibility
BSA was detected repeatedly, using the assay cycle; equilibration-injection-regeneration, for 70 times. The reproducibility of the assay was evaluated by monitoring the change in capacitance at the same concentration of standard BSA solution, 1.0 Â 10 À10 M. 
Results and discussion
Electrochemical characterization of the biosensor surface
Proper insulation of the electrode surface is an important step in the capacitive biosensor assay [40] [41] [42] [43] [44] [45] [46] [47] . Cyclic voltammetry (CV) is the generally used method in the presence of a permeable redox couple to evaluate the degree of insulation of the electrode surface. As shown in Fig. 3 , the degree of insulation increased after modification of the electrode surface with tyramine and acryloyl chloride. The density of the surface after each step increased, compared to that of the bare surface. Finally, treatment with 1-dodecanethiol reduced the redox currents substantially and the surface was completely blocked. The cyclic voltammetry results show that the surface of the electrode is insulated well and it can be used in the subsequent capacitive measurements.
Optimization of the capacitive biosensor
The BSA imprinted electrode was placed in the electrochemical flow cell and it was connected to the automated flow-injection system.
The operating conditions of the capacitive system were optimized for type, pH and ionic strength of the running buffer.
For the influence of type of buffer; 10 mM phosphate and 10 mM Tris-HCl; were tested. The pH of the buffer solution was investigated in the range of 6.0-8.0. Standard BSA solutions of 1.0 Â 10 À10 M were prepared in each of these buffers and injected into the system. There was no significant capacitance difference between these buffers in the studied BSA concentration (Fig. 4(A) ). However, phosphate buffer at pH 7.4 gave a more stable baseline and thus, the capacitance change was more clear. Due to the results, 10 mM phosphate buffer (pH 7.4) was used as the running buffer in the subsequent studies. The effect of ionic strength of the running buffer was also investigated for the optimization of the conditions. The effect of ionic strength was studied by adding different concentrations of NaCl to the running buffer for the standard BSA solution of 1.0 Â 10 À10 M. As shown in Fig. 4(B) , the change in the capacitance decreased with the increasing ionic strength of the medium. Thus, maximum capacitance change was observed in the running buffer which did not contain any salt.
Capacitive measurements-real time BSA detection
After optimization of BSA detection conditions, real-time BSA detection studies from aqueous BSA solutions were carried out with the automated flow-injection capacitive system as described in Section 3.2.
The BSA imprinted electrode was placed in the electrochemical flow cell and it was connected to the automated flow injection system.
The running buffer was continuously passed through the flow system by the pump at a flow rate of 100 mL/min. Standard solutions of BSA in the concentration range of 1.0 Â 10 À20 -1.0 Â 10 À8 M were prepared in the same running buffer and sequentially injected into the system. Phosphate buffer (10 mM, pH 7.4) was used as running buffer. Each solution was injected for 3 times through the flow system. After injection and equilibration periods, in total 15 min, regeneration buffer was injected during 2.5 min before running buffer was used for reconditioning until the baseline signal was achieved. The decrease in capacitance increased with the increasing concentrations of BSA, as expected ( Fig. 5(A) ). In order to obtain a reliable analytical signal, an average of the last five capacitance readings was calculated. The graph was obtained by plotting the capacitance change (ÀpF cm À2 ) versus the logarithm of BSA molar concentration (Fig. 5(B) ). An almost linear relationship was obtained between 1.0 Â 10 À18 and 1.0 Â 10 À8 M and the limit of detection (LOD) was determined to be 1.0 Â 10 À19 M, based on IUPAC guidelines. Due to the results, the capacitance change as a function of log concentration of the analyte in the studied concentration range was linear with the regression equation of y = 52.27x + 1805.2 (R 2 = 0.9477). When not in use, the electrodes were stored at 4 C in a closed Petri dish.
Selectivity of the BSA imprinted electrode against competing proteins
In order to test the selectivity of the BSA imprinted electrode, HSA and IgG were selected as competing proteins. For this purpose, the interactions between the aqueous solutions of BSA, HSA and IgG molecules and pre-mixed protein solutions having BSA/HSA, BSA/IgG, BSA/HSA/IgG and the BSA imprinted electrode were also investigated. As seen from Fig. 6(A) , the change in capacitance was very low for the standard HSA (1.0 Â 10 À10 M, 10 mM phosphate buffer, pH 7.4) and IgG solutions (1.0 Â 10 À10 M, This difference could be stemmed from the competitive effects of HSA and IgG proteins. However, it could be clearly observed that, the BSA imprinted electrode showed high affinity for the template protein (BSA) and the electrode could detect BSA in singular manner and also under competitive conditions. The calculated selectivity coefficients are summarized in Table 1 . Due to the results, the BSA imprinted capacitive electrode exhibited good selectivity for the template protein, BSA, compared to other proteins with cross-reactivities of 5 and 3% against HSA and IgG, respectively. and IgG (1.0 Â 10 À10 M) solutions were injected to the capacitive system in a serial manner (Fig. 6(B) ). It was observed that, there was no significant difference in the capacitance change with the changing proteins for the NIP electrode. The change in capacitance was almost in the same value for all three. The calculated selectivity coefficients for NIP electrode were 1.07 and 0.376 for BSA, compared to HSA and IgG, respectively (Table 1 ). There was a big difference in the selectivity coefficients of NIP and BSA imprinted electrode. These results indicate that, the imprinting of the protein onto the electrode surface generates cavities highly specific for the template protein. In addition, the imprinting efficiency values were calculated and the results are summarized in Table 1 . The enhanced selectivity coefficients of the BSA imprinted capacitive sensor according to competing proteins are approximately 21 and 85 for BSA against HSA and IgG, respectively.
Reproducibility
The BSA imprinted electrodes were evaluated in terms of reproducibility by monitoring the capacitance change (ÀpF cm À2 )
at the same concentration of standard BSA solution (1.0 Â 10 À10 M) for 70 times. After injection and equilibration periods, in total 15 min, regeneration buffer was injected during 2.5 min before running buffer was used for reconditioning until the original baseline signal was achieved. The capacitance of the BSA imprinted sensor versus the number of injections is shown in Fig. 7 . The BSA detection activity of the sensor retained about the same level during the injections. Microcontact imprinting method has an advantage of reducing activity loss of the imprinted molecule during the application [21, 22] . In this study, the same electrode was used in whole experiments and triplicate injections were made for each analysis. The results show that the BSA imprinted electrode can be reused for BSA detection with good reproducibility without any significant loss in the activity. A total of 80 assays during a period of 2 months were carried out on the same electrode, still with retained performance. 
Conclusion
This study was carried out to evaluate the possibility to use microcontact imprinting of protein molecules on electrodes for capacitive biosensor measurements. As model target, the acidic BSA protein was chosen. With the acidic functional monomer MAA chosen in the study, it could be expected that some repulsion might occur which could reduce the surface affinity in the binding step. However, since the electrode should be utilized for repetitively analytical cycles, this system was chosen to facilitate regeneration (complex dissociation) of the surface rather than optimizing binding strength. In fact, both selectivity and stability proved to be at an acceptable level. This is a promising method that can be utilized for the creation of biorecognition imprints exhibiting high selectivity and operational stability for the target using the biosensor technology. In the future, the capacitive biosensor technology combined with the microcontact imprinting method can be used in various applications, including the diagnosis of diseases where real-time, rapid, highly selective and very sensitive detection of a known biomarker is required.
